Immobilized Cibacron Blue F3G-A and other triazine-based dyes have received increasing attention over the last decade or so as 'groupspecific' adsorbents for the purification of a wide range of enzymes by affinity chromatography (Bohme et al., 1972; Travis & Pannell, 1973; Angal & Dean, 1978; Stellwagen, 1977; Dean & Watson, 1979; Lowe, 1979) . Not surprisingly, therefore, a number of studies have been initiated to establish the basis for these selective interactions (Ashton & Polya, 1978; Beissner & Rudolph, 1978; Edwards & Woody, 1979) . Thus, it has been suggested that the polysulphonated aromatic chromophores of the triazine dyes mimic the naturally occurring biological heterocycles such as nucleotide mono-, diand triphosphates, NAD+, NADP+, flavins, acetylCoA and folic acid (Jacobsberg et al., 1975; Thompson et al., 1975; Baird et al., 1976; Edwards & Woody, 1979) . However, more recent spectroscopic, kinetic and X-ray diffraction studies suggest that the triazine dyes are not highly specific coenzyme or nucleotide analogues since only part of the chromophore accurately mimics coenzyme binding to the complementary enzymes (Ashton & Polya, 1978; Biellmann et al., 1979; Edwards & Woody, 1979) .
Since there are a number of reactive dyes that contain mono-or dichlorotriazinyl functional groups and which, at least in part, mimic coenzyme binding, it is not unreasonable to suppose that the free dyes might prove to be effective irreversible affinity labels for nucleotide-dependent enzymes. The present report demonstrates that a number of triazine dyes irreversibly inactivate typical nucleotide-dependent
Experimental

Materials
The Procion dyes used in this study were a generous and much appreciated gift from Dr. C. V. Stead, ICI Organics Division, Blackley, Manchester, U.K. Pig heart lactate dehydrogenase (L-lactate-NAD+ oxidoreductase, EC 1.1.1.27; 10mg/ml, 220units/mg at 250C), NADH and ATP were purchased from Boehringer whereas yeast hexokinase (ATP-D-hexose 6-phosphotransferase, EC 2.7.1.1; 310units/mg), yeast glucose 6-phosphate dehydrogenase (D-glucose 6-phosphate-NADP+ oxidoreductase, EC 1.1.1.49; 315units/ mg), D-glucose 6-phosphate, AMP, NAD+ and NADP+ were from Sigma. Sodium pyruvate and all other chemicals were obtained from BDH.
Methods
All enzymes were assayed at 250C in a PyeUnicam SP. 1800 spectrophotometer as described by Bergmeyer (1974) . One unit of enzyme activity is defined as the amount that catalyses the conversion of lumol of substrate to product/min at 250C.
Enzyme inactivation by free triazine dyes was performed in 0.1 M-Tris/HCl buffer, pH 8.5 at 350C. The reaction vial contained in a total volume of 1 ml: enzyme (1 unit, 25 0C), triazine dye (0-200nmol) and Tris/HCl buffer, pH 8.5 (100,umol The reaction mixture protocol for the determination of the dissociation constants of the monochlorotriazinyl (H-type) dyes at 350C in a total volume of 1 ml included: pig heart lactate dehydrogenase (1 unit, 250C), Procion Blue MX-R (30nmol), monochlorotriazinyl dye (30-60nmol), Tris/HCl buffer, pH 8.5 (lOO,umol) . Dye concentrations were determined spectrophotometrically (Ashton & Polya, 1978) .
Results
The reaction between an active-site-directed reactive dye (D) and an enzyme (E) may be formulated by:
(1) rate-limiting step. A steady-state treatment of the process yields the equation:
kobs. k3 k3 [DI (2) where kobs. is the observed rate of enzyme inactivation for a given concentration of dye, D, k3 is the maximal rate of inactivation (min-') and KD is the dissociation constant (k2/k1) of the enzyme-dye complex (Kitz & Wilson, 1962; Witt & Roskoski, 1980) . The inactivation of lactate dehydrogenase by several representative triazine dyes is shown in Fig. 1. Of the dyes tested (Table 1) MX-R, but that the rate of inactivation is decelerated in the presence of 1 mM-AMP and NAD+ and totally extinguished by 1mM-NADH. Competitive inhibitors characteristically decrease the rate of enzyme inactivation by active-sitedirected reagents according to the equation (Kitz & Wilson, 1962; Witt & Roskoski, 1980 remains coloured even after passage through a Sephadex G-25 column or after exhaustive dialysis. The inactivation of lactate dehydrogenase, hexokinase and glucose 6-phosphate dehydrogenase by dichlorotriazinyl dyes at pH8.5 and 35°C follows approximately pseudo-first-order kinetics at low dye concentrations. The range of dye concentrations where approximate linearity in semilogarithmic plots is observed varies from enzyme to enzyme for the same dye and from dye to dye for the same enzyme but generally lies within the range 0-100pM. However, even at these dye concentrations some deviation from linearity occurs beyond about 75% enzyme inactivation and hence in most cases kobs was calculated from the initial linear proportion of the curves. These curving semilogarithmic plots are presumably the result of inactivation of the reactive dye in the incubation medium, of dye aggregation and of reaction with the enzyme at points other than the active site region. Nevertheless, the double reciprocal plot (Fig. 3) determined from the ordinate intercept for the dichlorotriazinyl (MX) dyes listed in Table 1 is remarkably consistent at 0.09-0.22 min-1. The dissociation constants (KD) for these dichlorotriazinyl dyes determined from the slopes of the double reciprocal plots are also listed in Table 1 . The dissociation constants of the monochlorotriazinyl H-, HE-and P-type dyes were calculated from data inserted into eqn. (3) and obtained by competition between Procion Blue MX-R and the monochlorotriazinyl dyes (Fig. 4) . The rate of inactivation of lactate dehydrogenase by monochlorotriazinyl dyes was negligible compared with the rate of inactivation by dichlorotriazinyl dyes under the conditions cited (Fig. 1) . The dissociation constants for triazine dyes (Table 1) encompass a 154-fold range from 0.8-122.9 pM, are lowest for blue-green dyes and highest for yellow-orange dyes and, with one or two exceptions, are lower for H-type dyes than MX-type dyes.
Discussion
Reactive dichlorotriazine dyes of the Procion MX-range inactivate lactate dehydrogenase, hexokinase and glucose 6-phosphate dehydrogenase in a time-dependent fashion. The hyperbolic dependence of inhibition of dye concentration, the protection against inhibition afforded by specific nucleotides and the lack of reactivation after inhibition are characteristic of active-site-directed irreversible inhibitors (Kitz & Wilson, 1962; Witt & Roskoski, 1980) . Furthermore, despite considerable structural disparity between the MX-dyes investigated (Ashton & Polya, 1978) , the rates of maximum inactivation (k3) of lactate dehydrogenase differed by only 2.4-fold (0.09-0.22min-1) overall, whereas the dissociation constants (KD) for the same dyes varied 17.1-fold (7.2-122.9,M). This observation suggests that the reactive dichlorotriazine functional group of each dye is positioned close to a nucleophile in the coenzyme-binding site. A potential candidate for this nucleophile might be the E-amino group of lysine-58, which lies close to the pyrophosphate bridge and the 03' of the adenosine ribose moiety (Holbrook et al., 1975) and close to where X-ray diffraction studies place the triazine ring of Cibacron Blue F3G-A in liver alcohol dehydrogenase (Biellmann et al., 1979 (Witt & Roskoski, 1980) . Monochlorotriazinyl dyes do, however, display marked affinity for lactate dehydrogenase with dissociation constants considerably lower than the coenzyme, NAD+, itself. It has been suggested that the affinity of Cibacron Blue F3G-A for the enzyme may be enhanced because it resembles the NADpyruvate adduct and may thus be a transition state analogue (Thompson & Stellwagen, 1976 
